Ppp6c, which encodes the catalytic subunit of phosphoprotein phosphatase 6 (PP6), is conserved among eukaryotes from yeast to humans. In mammalian cells, PP6 targets IκBε for degradation, activates DNA-dependent protein kinase to trigger DNA repair, and is reportedly required for normal mitosis. Recently, Ppp6c mutations were identified as candidate drivers of melanoma and skin cancer. Nonetheless, little is known about the physiological role of Ppp6c. To investigate this function in vivo, we established mice lacking the Ppp6c phosphatase domain by crossing heterozygous mutants. No viable homozygous pups were born, indicative of a lethal mutation. Ppp6c homozygous mutant embryos were identified among blastocysts, which exhibited a normal appearance, but embryos degenerated by E7.5 and showed clear developmental defects at E8.5, suggesting that mutant embryos die after implantation. Accordingly, homozygous blastocysts showed significant growth failure of the inner cell mass (ICM) in in vitro blastocyst culture, and primary Ppp6c exon4-deficient MEFs showed greatly reduced proliferation. These results establish for the first time that the Ppp6c phosphatase domain is indispensable for mouse embryogenesis after implantation.
Introduction
Phosphorylation status regulates activity of many proteins in normal cells, a balance regulated by protein phosphatases and kinases (Cohen, 1997; Moorhead et al., 2009; Shi, 2009) . Among phosphatases, protein phosphatase 6 (PP6), 2A (PP2A) and 4 (PP4) comprise the PP2A subfamily and exhibit similar structure and tissue distribution patterns (Kloeker et al., 2003; Smetana and Zanchin, 2007) .
PP6 is a trimetric holoenzyme, consisting of catalytic, structural and regulatory subunits (Bastians and Ponstingl, 1996; Guergnon et al., 2009; Myles et al., 2001; Ogris et al., 1999; Stefansson et al., 2008) , with the catalytic subunit designated Ppp6c. The Saccharomyces cerevisiae PP6 homologue Sit4p regulates G1 progression, TOR signaling and protein trafficking to the Golgi complex (Luke et al., 1996; Morales-Johansson et al., 2009; Rohde et al., 2004; Stefansson and Brautigan, 2006; Sutton et al., 1991) , while the Saccharomyces pombe homologue Ppe1 is important for proper chromosome segregation (Shimanuki et al., 1993) . In Caenorhabditis elegans, the PP6 phosphatase PPH-6 is crucial for modulating cortical contractility and spindle positioning in one-cell embryos (Afshar et al., 2010) . Mammalian cells depleted of Ppp6c by siRNA do not form a bipolar spindle with normal kinetics, fail to efficiently align chromosomes at the metaphase plate, and show prolonged arrest in mitosis (Zeng et al., 2010) , strongly suggesting that PP6 activity is required for normal mitosis in higher eukaryotes. In addition, in mammalian cells PP6 targets IκBε for degradation in response to TNFα and activates DNA-dependent protein kinase to trigger DNA repair following ionizing irradiation (Barr et al., 2011; Broglie et al., 2010; Douglas et al., 2010a,b; Kajino et al., 2006; Mi et al., 2009; Shen et al., 2011; Stefansson and Brautigan, 2007; You et al., 2010; Zhong et al., 2011) . Recently, Ppp6c mutations were identified as candidate driver mutations in melanoma, making Ppp6c an attractive therapeutic target (Hammond et al., 2013; Hodis et al., 2012; Krauthammer et al., 2012) . Despite these intriguing results, little is known about the physiological function of PP6 in mice.
To investigate PP6 physiological function in vivo, we engineered a mouse allele that lacks the Ppp6c phosphatase domain to enable analysis of homozygous mutant mice. We did not identify any viable Ppp6c exon 4-deficient pups from crosses of heterozygotes, indicating that homozygosity is lethal before weaning. Homozygous mutant blastocysts were, however, indistinguishable from wild-type or heterozygous counterparts. At post-implantation stages, Ppp6c exon 4-deficient homozygous embryos exhibited developmental defects by E8.5. Homozygous blastocysts cultured in vitro showed growth failure of the inner cell mass (ICM), unlike wild-type or heterozygous embryos. In addition, primary Ppp6c exon 4-deficient mouse embryonic fibroblast cells (MEFs) showed greatly reduced proliferation relative to controls. These results establish for the first time that the Ppp6c phosphatase domain is indispensable for mouse embryogenesis after implantation.
Materials and methods

Ethics statement
This study received specific approval from the Committee of Animal Experiments, Nara Women's University (approval ID 11-11).
Generation of Ppp6c exon 4-deficient mice
A genomic clone encompassing Ppp6c exon 4, which encodes the active site of the phosphatase domain, was isolated from a C57BL/6 BAC library (BACPAC) by Red/ET methods (Gene Bridge). Exon 4 was flanked by loxP sites (Fig. 1A) to create a Ppp6c-flox-neo allele, which incorporates a loxP-and FRT-flanked neomycin resistance (neo) cassette in intron 4 and a single loxP site in intron 3 (Fig. 1A) , facilitating Cremediated deletion of exon 4. A diptheria toxin-A (DT-A) fragment was ligated to the 3′ end of the targeting vector for negative selection. The targeting vector was linearized by Sal I digestion and electroporated into TT2 ES cells (Yagi et al., 1993) . Of 120 G418-resistant clones, 54 were positive for homologous recombination as determined by PCR (http://www.cdb.riken.jp/arg/Methods.html). Thirteen of those clones were confirmed as having undergone homologous recombination by Southern blot analysis. Three clones were injected into respective 8-cell stage embryos, and resulting chimeras were mated with C57BL/6J females to achieve germline transmission of the Ppp6c-flox-neo allele in a mixed genetic strain of C57BL/6 and CBA. Heterozygous F1 mice were crossed to produce homozygous Ppp6c-flox-neo mice (Acc. No. CDB0850K: http://www.cdb.riken.jp/arg/mutant%20mice%20list.html), Indicated is the total number of embryos or postnatal mice identified for each genotype.
which were subsequently crossed to a Cre deleter strain (B6. CgTg(CAG-Cre)CZ-MO2Osb) provided by the RIKEN BRC through the National Bio-Resource Project of the MEXT, Japan, to produce Ppp6c-exon 4-deficient alleles. Genotyping was performed by PCR with primers specific for the mutant or wild-type allele. To detect the wild-type allele, we used primers Ppp6c-B-F: 5′-GTTTAAACTTCAAATCCCAGCAATCACATGATGGCTCA-3′ and Ppp6c-typing C2: 5′-ATATTGTGGGTCTATGAGGTGACCTAG -3′. To detect the neo allele, we used primers Neo-1: 5′-ACCCGTGATATTGCTG AAGAGCTTGG-3′ and Ppp6c-typing C2. For PCR analysis of the floxed and exon 4-deleted alleles, we used primers FW-cTV2: 5′-CGTCTAAG AAACCATTATTATCATGAC -3′ and REV-cTV2: 5′-GCTGCTAAAGCGCATG CTCCAGACTGC -3′. To detect the Cre transgene, we used primers Cre a: 5′-CCTACAGCTCCTGGGCAACGTGC-3′ and Cre b: 5′-CTAATCGCCATC TTCCAGCAGG-3′.
All animal experiments were performed following guidelines for animal use issued by the Committee of Animal Experiments, Nara Women's University.
Southern blot analysis
DNA (10 μg) was digested with the appropriate restriction enzymes, subjected to electrophoresis through 0.8% agarose gels, and blotted onto Hybond N + membranes (GE Healthcare Life Science) using standard procedures. Radio-labeled probes were prepared using a random priming kit (TAKARA). Southern blots were hybridized and washed at 65°C under conditions previously described (http://www.cdb.riken. jp/arg/download_file/06.protocol.pdf). Bands were visualized using a FLA-9000 system (FUJI).
Quantitative real-time PCR (qRT-PCR)
Total RNA was prepared from blastocysts, and cDNA was synthesized using random primers with a SuperPrep® Cell Lysis & RT Kit for qPCR (TOYOBO), according to the manufacturer's instructions with slight modifications. In brief, blastocysts were lysed and then 1/5 of the sample was saved for genotyping. Prior to cDNA synthesis, genomic DNA was removed using gDNA Remover (TOYOBO). cDNA was concentrated four-fold and subjected to qRT-PCR using LightCycler 480 (Roche Diagnostics, Basel Switzerland) using the universal library and probe master kit (Roche Diagnostics). Ppp6c transcript levels were normalized to 18S ribosomal RNA. Probes used were #80 (Ppp6c) and #48 (18S) of the Roche Universal Probe Library. Primer sequences were: Ppp6c, 5′-ACACAGGTGTATGGATTTTATGATG -3′ and 5′-TGAGCATATCAAAA ACTTTGGTACAG -3′; and 18S, 5′-GCAATTATTCCCCATGAACG-3′ and 5′-GGGACTTAATCAACGCAAGC-3′.
Ppp6c primer sequences ACACAGGTGTATGGATTTTATG and 5′-ACACAGGTGTATGGATTTTATGATG -3'are located on exon 4.
In vitro blastocyst culture
E3.5 embryos were analyzed as described (Hayakawa et al., 2014) . In brief, recovered blastocysts derived from crossing of Ppp6c-exon4-deficient heterozygotes were first photographed then cultured in high glucose DMEM (Sigma) with pyruvate and non-essential amino acids and 15% FBS in 24-well plates. On day 7, embryo morphology was recorded using an Olympus microscope (IX70) equipped with a digital camera (SHIMAZ MOTICAM), and embryos were genotyped by PCR using KOD FX polymerase (TOYOBO). Some cultured embryos were stained with Hoechst33342 (TAKARA), observed under a LEICA fluorescence microscope (DMI 3000B) and genotyped by PCR as described above. The areas of both the ICM (Inner Cell Mass) and TE (Trophoblast Ectoderm.) outgrowths were calculated from images using Motic Images Plus 2.3S, and the ICM ratio (defined as ICM area/TE area) was calculated using Excel.
Retroviral transfection
Primary mouse embryonic fibroblast cells (MEFs) were generated from homozygous Ppp6c-flox-neo (Ppp6c flox/flox ) embryos 14.5 days after conception using standard methods (Suzuki et al., 2012) . To excise the floxed exon 4, Ppp6c flox/flox primary MEFs were infected with Creexpressing retrovirus (pMXs-Cre-puro, provided by Dr. T. Kitamura (Tokyo Univ.)). PLAT-E cells (also provided by Dr. Kitamura) were propagated in DMEM containing 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 1 μg/ml blasticidin, and 1 μg/ml puromycin. Cells were maintained in 5% CO2 in air at 37°C. The procedure used to prepare retrovirus stocks (Cre-expressing or mock empty virus) was as follows:
PLAT-E cells seeded in a 6 cm diameter dishes without blasticidin and puromycin received 200 μl of serum-free DMEM containing 3 μg of pMX-Cre-Puro or pMX-Puro and 20 μl of Fugene HD. After 24 h incubation, the medium was changed. After 24 additional hours, the virus-containing supernatant was collected. MEFs were infected in a 3.5 cm diameter dish with 750 μl of retrovirus solution containing 8 μg/ml polybrene (Sigma). After 5 h of incubation, the medium was changed to new medium containing 2 μg/ml puromycin for selection of transduced cells.
Immunoblotting
Preparation of cell lysates and immunoblot analysis was performed as described (Kon et al., 2013; Masuda et al., 2001) . Some blots were treated with lambda protein phosphatase (NEB) at 30°C for 30 min. A polyclonal anti-Ppp6c antibody was generated in our laboratory against a peptide corresponding to the C-terminal 16 amino acids (Hayashi et al., 2015) . Anti-β-actin and anti-p62 antibodies were purchased from MBL (Nagoya, Japan). Anti-caspase3, anti-LC3, anti-γH2AX, and anti-Aurora A (pT288)/B(pT232)/C(pT198) antibodies were purchased from Cell Signaling Technology Inc. (Danvers, MA, USA). Anti-Aurora A antibody (35C1) was purchased from Abcam (Cambridge, UK). HRPconjugated anti-rabbit IgG and HRP-conjugated anti-mouse IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Signals were detected by enhanced chemiluminescence using the LAS-4000 mini Fluoro image analyzer (Fujifilm, Tokyo, Japan). Data are representative of three separate experiments.
Cell proliferation assay
Cell proliferation assays were performed using a Cell Counting Kit-8 (DOJINDO).
This kit allows sensitive colorimetric assays for the determination of cell proliferation. Briefly, 100 μl of a cell suspension was added to each well of a 96-well microplate. At days indicated, 10 μl of a solution provided in Cell Counting Kit-8 was added to each well of 96-well microplates and incubated for two hours. Absorbance at 450 nm was measured using a microplate reader.
Results
Generation of Ppp6c-flox-neo mice
To assess the physiological function of Ppp6c, we generated a conditional allele by flanking Ppp6c exon 4 with loxP sites, allowing Cre-mediated deletion of that region ( Fig. 1A; see Section 2). Ppp6c exon 4 encodes the catalytic site of the PP6 phosphatase domain, and its loss should render the protein inactive. The linearized targeting vector was electroporated into ES cells, which were used to generate chimeric mice that transmitted the Ppp6c-flox-neo allele through the germline. F1 heterozygotes were crossed and F2 offspring genotyped by Southern blot (Fig. 1B) . Heterozygotes (Ppp6c flox/+ ) and homozygotes (Ppp6c flox/flox ) for the Ppp6c-flox-neo allele were viable, fertile and showed no overt abnormalities.
Ppp6c-exon4-deficient mice exhibit embryonic lethality
Next, we crossed Ppp6c-flox-neo mice with a Cre deleter strain (CAGCre-TG mice) to produce mice harboring Ppp6c exon4-deficient alleles. Mice heterozygous for the Ppp6c exon4-deficient allele were viable, fertile and showed no gross abnormalities. Homozygous Ppp6c exon4-deficient mutants (Ppp6c −/− ) were generated by crossing heterozygous mice. Among 51 postnatal day 28 (P28) offspring evaluated from these crosses, 33 were heterozygous, 18 were wild-type, and none were Ppp6c −/− , indicating that homozygous deletion of Ppp6c exon 4 is lethal before weaning (Table 1) . To determine when lethality occurred, we initially collected E12.5 embryos from crosses of heterozygotes and genotyped them by PCR but were unable to identify any homozygous (Ppp6c −/− ) mutants (data not shown). When we examined comparable embryos at E8.5, we observed degeneration of embryos (Fig. 1C ) that were later identified by PCR to be Ppp6c −/− homozygous mutants (Fig. 1D) . When we examined these embryos at E7.5 we found abnormal embryos among normal ones (Fig. 1E) . Although we did not genotype embryos derived from crosses of heterozygotes, their extra-embryonic tissues and epiblasts were misshapen and appeared to grow very poorly. Of six embryos assessed from these crosses, two appeared abnormal, and no abnormal E7.5 embryos were seen following crosses of wild-type mice. Embryos at E6.5 have no obvious morphological disorders as observed in embryos at E7.5, but we found abnormally smaller embryos and their mesoderm seemed not to grow well (Fig. 1F ). These observations strongly suggest that abnormal embryos derived from heterozygous crosses are Ppp6c
and that their development is perturbed as early as E6.5.
Next, we examined blastocysts from Ppp6c +/− crosses at E3.5 (Fig. 1F) . Of 29 embryos assessed, 7 (24.1%) were Ppp6c
. Homozygous blastocysts were, however, indistinguishable from wild-type or heterozygous blastocysts at this stage based on visual inspection, suggesting that the mutation does not alter pre-implantation development but rather promotes lethality after implantation.
Ppp6c exon 4-deficient blastocysts fail to grow normally in vitro
Death at early post implantation stages could be explained by either a generalized failure in growth or by lineage-specific defects. Previous reports suggest that Ppp6c regulates spindle formation and mitosis (Zeng et al., 2010) , suggesting that loss of Ppp6c activity might perturb proliferation. Since Ppp6c −/− blastocysts were indistinguishable from wild-type or heterozygous blastocysts based on visual inspection and defects were observed after implantation, we analyzed growth of E3.5 blastocysts in vitro. As shown in Fig. 2A , after 7 days in culture, Ppp6c −/− samples showed significant growth failure of the inner cell mass (ICM). As a result, homozygous mutant blastocysts showed a smaller mean ICM ratio (defined as ICM area/TE area) than did wild-type or heterozygous blastocysts (Fig. 2B ). Based on these findings, we conclude that ICM growth failure may underlie early post-implantation death seen in Ppp6c −/− embryos.
Next, to determine why Ppp6c deficiency does not alter preimplantation development we undertook real time PCR analysis of single blastocysts. As shown in Fig. 2D , we detected wild-type Ppp6c transcripts in both wild-type and Ppp6c exon4-deficient blastocysts, suggesting a maternal contribution of Ppp6c transcripts at the blastocyst stage. 
Ppp6c exon 4-deficient primary MEFs show reduced cell proliferation
To assess embryonic growth failure in Ppp6c −/− embryos in detail, we evaluated proliferation of cultured MEFs deficient in Ppp6c exon 4.
To excise floxed exon 4, Ppp6c flox/flox primary MEFs were infected with
Cre-expressing retrovirus. Following Cre expression, we observed añ 70% reduction in levels of full-length Ppp6c protein relative to mock controls (Fig. 3A) . Cre-infected MEFs showed markedly decreased cell proliferation as assessed by cell counting (Fig. 3B) . Trypan blue uptake, a marker of dead cells, also increased markedly in Cre-infected MEFs, while density of cultured cells decreased relative to that of controls (Fig. 3C, D) .
To assess mechanisms underlying impaired MEF proliferation, we asked whether Ppp6c exon 4-deficient cells undergo either increased apoptosis or abnormal autophagy or DNA damage, as suggested for PP6 previously (Douglas et al., 2010a,b; Kajihara et al., 2014; Lillo et al., 2014; Mi et al., 2009; Shen et al., 2011; Wengrod et al., 2015; Zhong et al., 2011) . However, we did not detect increased levels of cleaved caspase 3 (a marker of apoptosis) or γ-H2AX (a marker of DNA damage). Likewise, we did not detect increased LC3-II levels or decreased p62 levels (indicators of autophagy) in Ppp6c exon 4-deficient cells relative to controls (Fig. 3E) . Since Aurora A kinase is a candidate PP6 substrate and knock-down of Ppp6c increased phosphorylated Aurora A (Zeng et al., 2010) , we tried to monitor its phosphorylation status using several commercially available antibodies. By using one of these antibodies, we detected 48 kDa protein in HeLa cells treated with nocodazole as demonstrated by Hammond et al. (2013) , and this band was abolished by lambda protein phosphatase treatment (Fig. 3F) indicating that this antibody clearly detects phospho-Aurora A kinase. By using this antibody, we asked whether phosphorylation of Aurora A kinase is increased in Ppp6c exon 4-deficient MEF, however we could not detect any band for phosphorylated Aurora A kinase both in wild type and Ppp6c exon 4-deficient MEFs (Fig. 3F) . We also did not detect abnormally-shaped fragmented nuclei among Ppp6c exon4-deficient MEF cells (data not shown).
Discussion
We have established a mouse allele lacking the Ppp6c phosphatase domain and shown, for the first time, that that domain is indispensable for mouse embryonic development. Ppp6c exon 4-deficient homozygous blastocysts appeared normal but exhibited growth failure in vitro. Embryos seem to show signs of abnormalities as early as E6.5 and were abnormal by E8.5, suggesting that Ppp6c exon4-deficient embryos die after implantation. Previous reports using tumor cell lines showed that cells depleted of Ppp6c by siRNA do not form a bipolar spindle with normal kinetics, fail to efficiently align chromosomes at the metaphase plate, and show prolonged arrest in mitosis (Zeng et al., 2010) . Thus, PP6 activity has been proposed to be required for normal mitosis in mammalian cell lines. In accordance with these reports, we found that Ppp6c exon 4-deficient blastocysts show ICM growth failure and that primary Ppp6c exon 4-deficient MEFs exhibit greatly reduced proliferation and increased Trypan blue positivity. Thus, PP6 activity is required for proper mitosis of tumor cell lines, as proposed, and of normal mammalian cells, including post-blastocyst stage embryonic cells. The latter observation may partially explain why these embryos fail to develop early after implantation. It remains unclear why Ppp6c exon 4-deficient embryos appear indistinguishable from wild-type at pre-implantation stages. To address this question we undertook by real time PCR of Ppp6c exon 4-deficient blastocysts and detected wild-type Ppp6c transcripts, suggesting that maternal Ppp6c transcripts underlie the normal appearance of Ppp6c exon 4-deficient embryos prior to implantation.
To assess various mechanisms that might underlie impaired MEF proliferation, we asked whether Ppp6c exon 4-deficient cells undergo increased apoptosis or abnormal autophagy, or show increased levels of phosphorylated Aurora-A kinase or abnormally-shaped and fragmented nuclei, all of which have been reported in tumor cell lines (Kajihara et al., 2014; Wengrod et al., 2015; Zeng et al., 2010) . We did not detect any of these previously reported aberrations in Ppp6c exon4-deficient MEFs, suggesting that Ppp6c activities differ in tumor versus normal mouse cell lines. More analysis of mechanisms is required in future studies.
Among other PP2A subfamily members, embryos deficient in PP2A show impaired cell differentiation that can be rescued at E13.5 (Götz et al., 1998; Gu et al., 2012) , and PP4-deficient embryos die at E4.5-5.5 (Toyo-oka et al., 2008) . Thus, our results indicate that despite similar structures and tissue distribution of the proteins PP2A, PP4 and PP6 (Bastians and Ponstingl, 1996; Kloeker et al., 2003) , they play different physiological roles during embryogenesis. Our findings also suggest that PP6 embryonic function cannot be complemented by PP2A and loss of PP4 cannot be complemented by PP2A or PP6.
PP2A, PP4 and PP6 proteins reportedly function in cell division (Chowdhury et al., 2008; Hastie et al., 2000; Janssens and Goris, 2001; Riedel et al., 2006; Sato-Carlton et al., 2014; Toyo-oka et al., 2008; Zeng et al., 2010) , which likely underlies observed embryonic lethality following their loss. We show that cell division is perturbed in Ppp6c exon 4-deficient MEFs, but there are no reports available MEFs infected with control (Mock) or Cre-expressing (Cre) retrovirus, or in HeLa cells treated with 100 ng/ml nocodazole for 18 h. Cell lysates were prepared as in (A). In HeLa cell experiments, λPPase + and − indicated that blotted membranes were treated with 0 unit or 1 unit lambda protein phosphatase before antibody detection, respectively.
about proliferation capacity of Ppp2ac-or Ppp4c-deficient MEFs. Thus, how embryonic development is disturbed by Ppp2ac or Ppp4c deficiency remains unclear. Since we did not detect increased apoptosis and/or abnormal autophagy in Ppp6c exon 4-deficient cells, further detailed analysis is needed to define mechanisms underlying embryonic lethality as well as decreased proliferation of MEFs.
Two recent papers report that somatic mutations in Ppp6c occur iñ 10% of cases of malignant melanoma, and these mutations are often accompanied by LOH (Hodis et al., 2012; Krauthammer et al., 2012) . These findings suggest that Ppp6c loss is critical for formation of tumors harboring B-raf or N-ras mutations. Using same Ppp6c exon 4-deficient mice in this study, we recently reported that abrogation of Ppp6c promotes skin carcinogenesis induced by DMBA (Hayashi et al., 2015) . Thus, not only for defining the role of Ppp6c in embryogenesis but also in tumorigenesis, our established Ppp6c exon 4-deficient mice will become useful tool for detailed analysis. So far Ppp6c exon 4-deficiency seems to have negative and positive cell proliferation effects during embryogenesis and tumorigenesis, respectively. To understand precise roles of Ppp6c in embryogenesis and tumorigenesis, more analyses of molecular mechanisms are required in future studies. 
